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Abstract

Predator feeding rates (described by their functional response) must saturate at
high prey densities. Although thousands of manipulative functional response
experiments show feeding rate saturation at high densities under controlled
conditions, it remains unclear how saturated feeding rates are at natural prey
densities. The general degree of feeding rate saturation has important implications
for the processes determining feeding rates and how they respond to changes
in prey density. To address this, we linked two databases—one of functional
response parameters and one on mass—abundance scaling—through prey mass
to calculate a feeding rate saturation index. We find that: (1) feeding rates may
commonly be unsaturated and (2) the degree of saturation varies with predator
and prey taxonomic identities and body sizes, habitat, interaction dimension
and temperature. These results reshape our conceptualisation of predator—prey
interactions in nature and suggest new research on the ecological and evolutionary
implications of unsaturated feeding rates.

KEYWORDS

INTRODUCTION

Predator functional responses describe predator feeding
rates as a function of prey density and are a central
component of theory on consumer-resource interactions
(Holling, 1959; Murdoch et al., 2013; Solomon, 1949).
As pointed out by Holling (1959), functional responses
should be saturated with increasing prey density because
the time it takes to process prey items, generally referred
to as the handling time, limits feeding rates at high prey
densities. Since its inception, the idea of functional
response saturation has become a canonical component
of predator-predator theory, shaping the way we
conceptualise predator—prey interactions and dynamics
(McCann, 2011; Murdoch et al., 2013; Rosenzweig &
MacArthur, 1963).

Logic and thousands of experiments make it clear
that feeding rates are saturating functions of prey den-
sities (Holling, 1959; Jeschke et al., 2004; Novak &
Stouffer, 2021; Uiterwaal et al., 2022). However, it re-
mains unclear how saturated feeding rates are under the
prey densities that predators experience in nature. Some

consumer—resource, functional response, interaction strength, mass—abundance scaling,
nonlinearity, predator—prey interactions

models and data suggest that, for carnivores, feeding
rates should be saturated at the prey densities they expe-
rience (Jeschke, 2007). This is because carnivores appear
to be digestion-limited and satiated, or ‘full and lazy’
(Jeschke, 2007). Indeed, some field functional response
studies show saturated feeding rates over large ranges
of prey densities (e.g. Gilg et al., 2006; Messier, 1994;
Moleodn et al., 2012; Moustahfid et al., 2010; Nielsen, 1999;
Nilsen et al., 2009). However, other studies show satu-
rated feeding rates at only one or a few observations at
the highest observed prey densities (Angerbjorn, 1989;
Coblentz et al.,, 2022; Korpimaki & Norrdahl, 1991;
Quinn et al., 2003; Redpath & Thirgood, 1999; Sundell
et al., 2000) or little to no evidence of feeding rate satu-
ration (Beardsell et al., 2021, 2022; Coblentz et al., 2021;
Novak, 2010; Novak et al., 2017; Preston et al., 2018).
Therefore, it is currently unclear how saturated feeding
rates are likely to be in general.

The saturation level of feeding rates has important
implications for predator—prey interactions. On one ex-
treme, if feeding rates are generally saturated at typical
prey densities, then feeding rates are largely determined by
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handling times, will be near their maxima (the reciprocal
of the handling time), and should show little response to
changes in prey densities (Figure 1a). On the other extreme,
if feeding rates are generally unsaturated, then feeding
rates will largely be determined by space clearance rates
(aka attack rates), will be lower than their potential max-
ima, and will dynamically respond to changes in prey den-
sities (Figure 1b). Knowing whether predator feeding rates
generally are saturated or unsaturated therefore would
provide insights into the factors governing predator—prey
interaction strengths and how dynamic they may be.

To investigate generalisations about how saturated
feeding rates might be under typical prey field densi-
ties we combine two databases. The first database, the
FoRAGE database (Functional Responses Across the
Globe in all Ecosystems (Uiterwaal et al., 2022)), con-
tains estimates of saturating Type II functional response
parameters from 2596 functional response experiments,
the vast majority of which are laboratory-based. Most of
these studies do not include field estimates of prey abun-
dance. We, therefore, estimated prey abundances using
a database on mass—abundance scaling (aka Damuth's
Rule (Damuth, 1981)) containing 5985 records of masses
and field-estimated abundances across the major taxa
on earth (Hatton et al., 2019). Combining the functional
response parameters and prey masses from FORAGE
with estimates of prey field abundances from the mass—
abundance scaling relationships, we estimate an index of
feeding rate saturation to address two questions:

1. How saturated may predator feeding rates be under
typical prey densities?

2. What covariates of a predator and prey's biology or
environmental context are related to the degree of
feeding rate saturation?

Our results suggest that predator feeding rates are
commonly unsaturated at prey densities experienced in
the field. We also find that prey and predator taxonomic
identity and body sizes, the dimensionality of their inter-
action, their habitat and temperature explain a signifi-
cant amount of the variation in feeding rate saturation.

MATERIALS AND METHODS

We first derive an index of feeding rate saturation. We then
describe how we calculated the index using the FORAGE
database (Uiterwaal et al., 2022) and mass—abundance
scaling relationships (Hatton et al., 2019). Last, we de-
scribe our statistical analysis to examine how biological
covariates influence the degree of feeding rate saturation.

Feeding rate saturation index

Our index of feeding rate saturation gives the
proportional reduction in predator feeding rates due to
saturation with increasing prey densities. For a predator
with a saturating Type II functional response, we derive
the saturation index by comparing the feeding rates
under the Type II functional response to the feeding
rates under a non-saturating linear functional response.
Under a linear (or Type I) functional response, the
predator's feeding rate is proportional to prey density R:

fi=daR, 1)

where a is the predator's space clearance rate (Figure 1b).
Under a Holling Type II functional response, the preda-
tor's feeding rate is

aR

- o 2
1+ ahR’ @

Ju

where, 4, is the predator's handling time. Our index of sat-
uration / gives the proportional reduction in feeding rates
between these two functional responses:

Si—/u _ ahR

I = =
N 1 +ahR

©)

(see Supplemental Information S1 for a derivation). The
saturation index takes values on the interval from zero
to one, exclusive. Values near zero indicate the feeding
rate is relatively unsaturated. Values near one indicate

(a) Saturated Feeding Rates (b) Unsaturated Feeding Rates
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aR
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© T
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FIGURE 1

For saturated feeding rates (a), feeding rates are largely near their maximum as determined by the handling time (grey dashed

line; 1/h) and will change little with changes in prey densities (represented by the dots and arrows). For unsaturated feeding rates (b), feeding
rates are near the line determined by the space clearance or attack rate (a; grey dashed line) and will change close to proportionally with

changes in prey densities (represented by the dots and arrows).
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the feeding rate is close to complete saturation (i.e. max-
imum feeding rate). This index can be generalised to
other common functional response forms (Supplemental
Information S8).

Estimating the saturation index

To estimate the saturation index, we need values for the
space clearance rate («), handling time (#) and prey den-
sity (R). We obtained estimates for the space clearance
rates and handling times from the FORAGE database
(v2.3; Uiterwaal et al., 2022). The database also contains
a suite of biological and contextual covariates including
the average mass of the predator and prey, the dimen-
sionality of their interaction (2D, 3D, or 2.5D, that is
fractional between 2D and 3D; for example, a ladybird
feeding on aphids on a plant), and the size or volume of
the arena in which experimental trials were performed
(for details see (Uiterwaal et al., 2022)).

To obtain estimates of typical prey field densities,
we used mass—abundance scaling relationships. Mass—
abundance scaling relationships describe the general
pattern that a species' abundance is inversely related to
its mass (Damuth, 1981; White et al., 2007). Using the
data from Hatton et al. (2019), we fit separate log-log
regressions of abundance on body mass for mammals,
birds, ectotherms, non-algal protists (hereafter just pro-
tists) and prokaryotes/algae in a Bayesian framework in
Stan through the R package ‘brms’ (Biirkner, 2017). We
then used the posterior predictive distributions of these
models to estimate abundances for each prey species in
the FORAGE database whose body mass was available.
Specifically, we determined each prey's density at every
decile of its posterior predictive distribution (the 10th
percentile to 90th percentile by 10's), and we used these
abundances in our calculation of saturation to assess
the sensitivity of the saturation index (see Supplemental
Information S2 for details). These deciles reflect resid-
ual variation in both among- and within-species vari-
ation in abundances for a given mass. They, therefore,
represent variability in abundance in time or space due
to species being particularly rare or abundant for their
size (Hatton et al., 2019).

Prior to calculating the saturation index, we re-
moved all studies from FORAGE that used non-living
prey or fungi as prey and studies without associated
prey masses. This reduced the original dataset from
2596 functional responses to 2152 which we refer to as
the ‘full dataset’.

Relationships between the saturation
index and covariates

To examine the relationships between the saturation
index and potential covariates, we used generalised

linear mixed effects models. As fixed effects, we
included the major prey and predator taxa (phylum
to class), habitat (terrestrial, aquatic-freshwater and
aquatic-marine), interaction dimension (2D, 2.5D and
3D), arena size used in the experiment, the natural
logarithm of prey mass, the natural logarithm of
predator mass and a quadratic effect of temperature.
We included arena size because prior studies, including
those using FOR AGE, have shown an effect of arena size
on space clearance rates (Uiterwaal & DeLong, 2018,
2020). We modelled temperature as a quadratic effect
to allow for unimodal relationships with temperature
(Englund et al., 2011; Uiterwaal & DeLong, 2020).
Although the saturation index includes the prey
density that we estimated from prey mass, we included
prey mass in our model because it also influences
space clearance rates and handling times and could
therefore influence the saturation index through these
parameters as well (Rall et al., 2012; Uiterwaal &
DeLong, 2020; Vucic-Pestic et al., 2010). To account for
the non-independence of functional response estimates
due to multiple estimates occurring on taxonomically
similar species, we included minor prey and predator
taxa (class to family) as random effects (a table of
major and minor taxa is in Supplemental Information
S3). Because the saturation index is limited to values
between zero and one, we modelled the response as
Beta distributed with a logit link function. We fit the
regression model to the data in Stan through R using
the package ‘brms’ (see Supplemental Information S3).

We fit the model to a subset of the full dataset. We
excluded studies that were missing any values for the
covariates included in the analysis and those for which
the fitted handling time value was less than 1x 107°
days to exclude functional responses with unidentifi-
able handling times (Uiterwaal & DeLong, 2020). We
also limited the number of major predator and prey
taxa considered by dropping all predator taxa with less
than 15 functional response studies and then dropping
all prey taxa with less than 15 functional response
studies. We limited the number of major predator and
prey taxa to ensure enough functional response studies
within each major taxa to include minor taxa as a ran-
dom effect and prevent estimating major taxa effects
based on only a few observations. Last, we also ex-
cluded mammals and birds for several reasons. First,
the functional response studies on mammals and birds
were performed in the field whereas all remaining
studies were performed in laboratory conditions, con-
founding the effects of these taxa with the effects of
measuring functional responses in the field. Second,
the mammal and bird studies had no area boundaries,
preventing our inclusion of arena size in the analy-
sis. Third, unlike for all other taxa, which are ecto-
therms, the bird and mammal temperatures listed in
FoRAGE represent the predator's endothermic aver-
age body temperature rather than the environmental
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temperature at which the study was conducted. After
applying these criteria to the full dataset, 1509 studies
remained. We used this ‘reduced dataset’ in our gen-
eralised linear mixed model analysis. We performed
the analysis using the saturation index calculated at
the 10th, 50th and 90th percentiles of estimated prey
densities.

Explaining relationships between the saturation
index and covariates

The analysis of the relationship between the saturation
index and covariates gives the net relationship between
saturation and the covariates but does not explain why
these covariates have the relationships with satura-
tion they do. As the saturation index is a function of
the functional response parameters and the density of
prey (Equation 3), the effects of the covariates on the
saturation index are dependent on their effects on these
three factors. We therefore performed two additional
analyses on the reduced dataset using the same model
as for estimating the effects of covariates on the sat-
uration index to determine the partial effects of each
of the covariates on the natural log of the space clear-
ance rates and handling times. We again used Stan

through R using the package ‘brms’ (see Supplemental
Information S6). We did not perform an analysis for
prey densities as the response variable because these
were determined completely by prey mass and classi-
fication as algae, ectotherm or protist (see Methods:
Estimating the Saturation Index).

RESULTS
Estimates of functional response saturation

The feeding rate saturation index showed a right-skewed
distribution with a mode near zero for most deciles of
prey densities (10th through 70th percentiles; Figure 2).
At the two highest deciles of prey densities (80th and
90th percentiles; Figure 2), the saturation index showed
a bimodal distribution with modes near zero and one.
For the full dataset, half of the studies were below a
saturation index of 0.002 at the 10th percentile of prey
densities, below 0.06 at the 50th percentile and below
0.57 at the 90th percentile (Figure 2a). For the reduced
dataset, half of the studies were below a saturation index
value of 0.003 at the 10th percentile, below 0.07 at the
50th percentile and below 0.61 at the 90th percentile
(Figure 2b—e).

(a) Full Dataset (b) Reduced Dataset
1.00 1.00 1 Prey
S B Density_
59 59 Percentile
S 2 0.751 S 2 0.751
‘g ] ‘g <) 10th
Ss ag — 20th
[eR] o9
a X gs0 @ gs0 30th
¥ e 7 o
®2 &S 50th
S 2 0.25 S 8 0.051 — 60th
g 3 g 3 70th
(&) o — 80th
0.001 0.001 90th
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Saturation Index Saturation Index
(c) 10th Percentile (d) 50th Percentile (e) 90th Percentile
Reduced Dataset Reduced Dataset Reduced Dataset
400 1
900
3001 100
§ 600 § §
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Saturation Index

Saturation Index

Saturation Index

FIGURE 2 For both the full (a) and reduced (b) datasets, the index of predator feeding rate saturation showed right-skewed distributions
with a mode near zero for the 10th to 70th percentiles of mass-estimated prey densities, and bimodal distributions with modes near zero and
one for the 80th and 90th percentiles of prey densities. Histograms of the index distributions at the 10th, 50th and 90th percentiles of prey

densities for the reduced dataset are given in ¢, d and e respectively.
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Analysis of functional response
saturation covariates

Here, we present only the results for the saturation
index calculated at the median estimate of prey density.
Similar results occurred at the 10th and 90th percentiles
of estimated prey densities except for some estimates of
predator and prey taxa partial effects (Supplementary
Information S4 and Discussion). Our model, the inter-
cept of which represents an amphibian feeding on algae
in freshwater in three dimensions (—5.7; 90% Credible
Interval (Crl) (=6.7, —4.6)), suggests that all considered
covariates influence feeding rate saturation (Figure 3;
for a summary table of the regression results see
Supplementary Information S3). As prey, amphibians
(median posterior partial effect = 1.8; (0.6, 2.9)), fish (1.9;
(1.2, 2.7)), insects (1.1; (0.4, 1.8)) and molluscs (1.7;(0.5,
2.8)) showed positive partial effects on saturation with
all other prey taxa showing no apparent partial effects
(Figure 3a). As predators, only fish showed a positive
partial effect on the saturation index (0.8;(0.1, 1.6)) with
all other predator taxa showing no apparent partial ef-
fects (Figure 3b). Marine habitats showed a positive par-
tial effect on the saturation index (0.5; (0.2, 0.7)) as did
the interaction dimension being 2 (1.2; (0.9, 1.5)) or 2.5D

(0.8; (0.6, 1.1); Figure 3c,d). For the continuous factors,
the saturation index decreased with prey mass (—0.25;
(=0.3, —0.2); Figure 3e,i), increased with predator mass
(0.04; (0.01, 0.07); Figure 3f,j), showed a unimodal, con-
cave relationship with temperature (median posterior
linear effect = 0.06; (0.02, 0.1); median posterior quad-
ratic effect = —0.002; (—0.003, —0.0009); Figure 3g.k), and
increased with arena size (0.1; (0.06, 0.14); Figure 3h,1).

Covariate effects on space clearance rates and
handling times

With the intercept (=8.6; (—11.5, —5.8)) again representing
an amphibian feeding on algae in freshwater in three di-
mensions, the model explaining variation in space clear-
ance rates (Figure 4; See Supplemental Information S6
for a summary table of the regression results) suggested
that amphibians (2.53; (0.24.9)), arachnids (2.6; (0.3, 4.8)),
crustaceans (1.8; (0.3, 3.3)), fish (3.0; (1.4, 4.5)) and in-
sects (3.1, (1.4, 4.6)) had partial positive effects on space
clearance rates when they were the prey with all other
prey showing no apparent partial effect (Figure 4a). As
predators, fish had a partial positive effect on space
clearance rate when they were predator (3.87, (1.86, 5.9))

3 a
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FIGURE 3 Prey taxa (a), predator taxa (b), habitat (c) and dimension (d) exhibited partial effects on the saturation index on the logit scale
(error bars represent 90% credible intervals). The saturation index decreased with prey mass (e, 1), increased with predator mass (f, j), showed a
unimodal, concave relationship with temperature (g, k), and increased with arena size (h, 1). Note that (e—h) and (i-1) include the same data, but
(e—h) are colour-coded by prey taxa and (i-1) are colour-coded by predator taxa. Colours in (e—h) correspond to the same colours in (a) and the

colours in (i-1) correspond to the same colours in (b).
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while crustaceans (3.3, (—5.8, —0.8)) and protozoans
(7.4, (-10.3, —4.6)) had negative partial effects and all
other predator taxa showed no apparent partial effect
(Figure 4b). Marine habitats had a positive partial effect
(0.6; (0.1, 1.1)) while terrestrial habitats had a negative
partial effect on space clearance rates (—2.7; (—3.6, —1.8);
Figure 4c). Two- and 2.5-dimension studies showed posi-
tive partial effects on space clearance rates (2D: 4.6; (4.0,
5.1), 2.5D: 3.8; (3.2, 4.3); Figure 4d). Whereas predator
mass was positively associated with space clearance rates
and temperature showed a unimodal, concave relation-
ship with space clearance rates, prey mass and arena size
did not have statistically clear relationships with space
clearance rates (Figure 4e—h).

With the intercept (—11.0; (—=13.4, —8.6)) still represent-
ing an amphibian feeding on algae in freshwater in three

dimensions, the model explaining variation in handling
times (Figure 5; See Supplemental Information S6 for a
summary table of the regression results) suggested that
all prey taxa other than algae showed positive partial
effects on handling times (Amphibian: 9.0; (7.1, 10.9),
Arachnid: 6.3; (4.4, 8.1), Crustacean: 6.7; (5.6, 8.1), Fish:
8.7; (7.5, 9.9), Insect: 6.6; (5.4, 7.8), Mollusc: 9.4; (7.5, 11.4),
Protist: 2.2; (0.8, 3.5); Rotifer: 5.9; (4.5, 7.4); Figure Sa).
As predators, protists showed a positive partial effect
on handling times (6.0; (3.6, 8.4)) with all other preda-
tor taxa showing no apparent partial effects (Figure 5b).
Marine and terrestrial habitats showed positive partial
effects (Marine: 0.5; (0.1, 0.8), Terrestrial: 2.6; (1.8, 3.3);
Figure 5¢) while 2- and 2.5-dimension interactions had
negative partial effects on handling times (2D: —1.1;
(-1.5, =0.7), 2.5D: —1.3; (-1.8, —0.9); Figure 5d). For the
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continuous variables, handling times increased with
prey mass, decreased with predator mass, increased
with arena size and decreased linearly with temperature
(Figure 5e—h).

DISCUSSION

Combining functional response parameter estimates
from laboratory-controlled experiments with field-
relevant estimates of prey density obtained from mass—
abundance scaling relationships, our results suggest
that predator feeding rates may often be unsaturated at
typical field prey densities. Indeed, our analysis identi-
fied several predator functional responses with feed-
ing rates that remained unsaturated even at high prey

densities (i.e. 25% of the functional responses were below
a saturation index value of 0.2 with prey densities at the
90th percentile). For these functional responses, vari-
ation in feeding rates should be determined largely by
variation in space clearance rates and prey densities
with little influence of handling time. Space clearance
rates are the product of predator and prey velocities, the
distance over which predators can detect prey, the prob-
ability of a predator attacking a prey individual given
its detection, and the probability that the attack is suc-
cessful (Wootton et al., 2021; DeLong, 2021; Jeschke
et al., 2002). For unsaturated feeding rates, these pro-
cesses are central to determining the magnitude of feed-
ing rates. A lack of saturation also means that predator
feeding rates are lower than their potential maxima.
This result is congruent with a study on fishes suggesting
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that fish digestive capacities are often larger than would
be necessary for the average amount of food they en-
counter (Armstrong & Schindler, 2011). Feeding rates
occurring below their potential maxima may also be in-
dicative of the evolution of prudent predation (Gutiérrez
Al-Khudhairy & Rossberg, 2022) or constraints on
predator feeding rates from other sources (Vuorinen
et al., 2021). Last, unsaturated feeding rates should dy-
namically respond to changes in prey densities leading
to density-dependent prey mortality that is close to pro-
portional to prey densities. Our results suggest that for
the species that remained unsaturated at the highest prey
abundance decile, the use of linear functional responses
to describe variation in feeding rates may be a sufficient
approximation (Jonsson, 2017; Novak, 2010; Wootton &
Emmerson, 2005).

Many of the functional responses showed a gradient
in feeding rate saturation with unsaturated feeding rates
under most deciles of prey abundance and saturated
feeding rates at the very highest deciles of prey abun-
dance. In the full dataset, less than half of the functional
responses show a reduction in feeding rates of more than
20% (relative to their hypothetical linear functional re-
sponse) when prey are at their 70th abundance percen-
tile. Yet, with the prey at the 90th abundance percentile,
half of the functional responses have feeding rates that
show a reduction of over 60%. This result suggests two
nonexclusive scenarios for feeding rate saturation. One
is that the extent of saturation may be dependent on
whether a prey species is relatively abundant or not given
its mass. For prey that are very abundant for their mass,
predator feeding rates are likely to be saturated. Yet, for
prey with abundances more typical of their size, preda-
tor feeding rates are likely to be unsaturated. For exam-
ple, invasive and pest species can reach extremely high
abundances relative to other species of their size (Hall
Jr. et al., 2006). Predators feeding on these species may
exhibit saturated feeding rates even though they might
exhibit unsaturated feeding rates on prey of a similar
size with more typical abundances. Another view of the
result that feeding rate saturation occurs generally at the
highest predicted prey abundances is that the predator's
feeding rate may be typically unsaturated but become
saturated in times or areas where prey are particularly
abundant. For example, extreme abundance events like
oak masts and periodical cicada emergences are known
to saturate predators and are thought to have evolved
for that purpose (Karban, 1982; Kelly, 1994). Indeed,
many field functional response studies show feeding rate
saturation at only a few high prey abundance observa-
tions (Angerbjorn, 1989; Korpimaki & Norrdahl, 1991;
Quinn et al., 2017; Redpath & Thirgood, 1999; Sundell
et al., 2000). Thus, it may be that unsaturated predator
feeding rates are typical except when prey exhibit unusu-
ally high abundances.

We found that the extent of feeding rate saturation de-
pended on prey and predator taxonomic identities and

masses, habitat, interaction dimension and temperature
after accounting for experimental arena size. Our results
suggest that, at the median prey abundances, amphibi-
ans, fish, insects and molluscs showed a greater degree
of saturation as prey than algae. These same five prey
taxa also show positive partial effects on space clearance
rates and/or handling times. However, our results sug-
gest that the differences among prey taxa in their effects
on saturation are dependent on how abundant they are.
For example, arachnids, crustaceans, protists and roti-
fers showed negative partial effects at the 10th percentile
of estimated prey densities with all other taxa having no
apparent effect and all prey taxa other than the reference
taxa, algae, showed positive partial effects at the 90th
percentile of estimated prey densities (Supplemental
Information S4). For the predator taxa, only fish showed
a positive partial effect on the degree of saturation at the
median prey abundance. This may reflect the generally
higher space clearance rates of fish relative to the other
predator taxa, which has been attributed to their rela-
tively higher velocities in moving through their environ-
ment after accounting for body size (Wootton et al., 2021;
Buba et al., 2022; Pawar et al., 2012). This conclusion is
partially supported by generally positive partial effect for
mammals and birds which also are likely to have higher
velocities in their environments for their body sizes in an
analysis including these predator taxa but not account-
ing for arena size (Supplementary Information S5).
Habitat and interaction dimensions also had effects
on the degree of feeding rate saturation, with 2- and
2.5-dimensional interactions having higher levels of
feeding rate saturation compared to 3-dimensional in-
teractions. This result is driven by the higher values
of space clearance rates in the 2- and 2.5-dimensional
studies that outweighed the generally lower handling
times in 2- and 2.5-dimensional studies. In general, al-
though the magnitudes of space clearance rates are not
comparable across dimensions due to differences in
spatial units (e.g. mzpredator_ltime_1 versus m’preda-
tor_ltime_l, Uiterwaal & DeLong, 2020), the saturation
index is unitless. Therefore, the higher absolute values
of space clearance rates in 2 and 2.5 dimensions lead
to greater saturation. However, it remains unclear why
2- and 2.5-dimensional space clearance rates are gener-
ally greater than 3-dimensional space clearance rates.
Marine studies also showed higher feeding rate satura-
tion because of higher space clearance rates and handling
times. Although terrestrial studies also showed higher
space clearance rates compared to freshwater studies,
they also showed lower handling times that counter-
acted the effects of higher space clearance rates. It re-
mains unclear whether this pattern of greater saturation
in marine studies is general or whether it is the product
of the species on which functional response studies have
been conducted across different habitats. Confirming
whether marine species show generally greater feeding
rate saturation could be important for understanding
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how predation operates differently in different ecosys-
tems (Shurin et al., 2002, 2006).

Overall, our results suggest that predator and prey
masses are likely to have opposite net effects on the de-
gree of feeding rate saturation. We found that prey mass
was negatively associated with the degree of feeding rate
saturation. However, previous research has shown that
increasing prey mass is associated with higher space
clearance rates and higher handling times, which would
lead us to expect prey mass to be positively associated
with feeding rate saturation (Rall et al., 2012; Uiterwaal
& DeLong, 2020; Vucic-Pestic et al., 2010). This differ-
ence in expectation can be explained by the fact that
prey density decreases with prey mass (Damuth, 1981;
Hatton et al., 2019) and that the net effect of prey mass
on feeding rate saturation is the product of all three of
these relationships. That is, the negative scaling of prey
densities with prey mass is stronger than the positive re-
lationships between prey mass and space clearance rates
and handling times, resulting in a positive effect of mass
on saturation. In contrast to prey mass, predator mass
was positively associated with feeding rate saturation.
Previous results suggest that predator mass is typically
positively associated with space clearance rates and
negatively related to handling times (Rall et al., 2012;
Uiterwaal & DeLong, 2020; Vucic-Pestic et al., 2010). In
our dataset, predator mass exhibits a slightly stronger
positive relationship with space clearance rates than a
negative relationship with handling times, thereby pro-
ducing a net positive relationship between feeding rate
saturation and predator mass.

Temperature has strong effects on functional re-
sponse parameters in laboratory studies (Englund
et al., 2011; Rall et al., 2012; Thompson, 1978; Uiterwaal
& DeLong, 2020), with studies typically documenting
positive or unimodal, concave relationships between
temperature and space clearance rates and negative or
unimodal, convex relationships between temperature
and handling times (Englund et al., 2011; Rall et al., 2012;
Uiterwaal & DeLong, 2020). This suggests that the net
effect of temperature on feeding rate saturation should
be dependent on the relative strengths of the relation-
ships between temperature and space clearance rates and
handling times. Our results show a stronger unimodal,
concave relationship between space clearance rates and
temperature than the negative relationship between
handling times and temperature leading to a net uni-
modal, concave relationship between temperature and
saturation. These results lead to the prediction of a mid-
latitudinal peak in feeding rate saturation and that the
degree of feeding rate saturation will be sensitive to con-
tinued climate change, with potentially profound conse-
quences for predator—prey interactions on a global scale.

Our estimates suggest that predator feeding rates
are unsaturated across a range of typical prey densities.
This conclusion is strengthened by the fact that many es-
timates are likely overestimates of saturation. First, the

mass—abundance scaling relationships we used to predict
prey densities may overestimate prey densities because the
abundances are typically reported in aerial square meters.
Thus, for aquatic organisms, abundances are integrated
over some depth often greater than a meter and there-
fore are likely overestimates of the abundances in a cubic
meter, the relevant metric for three-dimensional studies
(Hatton et al., 2019). Second, mass—abundance scaling
relationships also may reflect maximum abundances
rather than typical abundances because researchers often
measure abundances of organisms where they are abun-
dant (Lawton et al., 1990; Marquet et al., 1995; White
et al., 2007). Third, because functional response experi-
ments are typically performed in spatially and structurally
simplified arenas, the estimates of functional response pa-
rameters may be biased toward values that lead to higher
feeding rates than those that are likely to be observed in
nature (Griffen, 2021; Novak et al., 2017). Despite these
biases, we find close agreement between our estimates
of saturation at mass-predicted prey abundances versus
at prey abundances actually observed in the for 49 func-
tional responses from 18 FoRAGE studies where a com-
parison was possible (Supplemental Information S7).

In our analysis, we assumed that predator feeding
rates within predator—prey pairs were described by a
saturating Type II functional response. However, pred-
ators can exhibit other functional response types and
typically incorporate more than one prey type into their
diets. For example, predators might exhibit sigmoidal
Type III functional responses or predator feeding rates
could be dependent on predator densities (DeLong &
Vasseur, 2011; Holling, 1959; Novak & Stouffer, 2021). In
general, considering these additional aspects of preda-
tor functional responses shows that our estimates of sat-
uration will be conservative or show little change with
these alternative functional response scenarios (See
Supplemental Information S7 for a general derivation
of the saturation index and specific examples). In the
case of a Type III functional response, the saturation
index becomes a sigmoidal function of prey densities
and should give similar results as the Type II functional
response except with lower saturation values at low
prey densities (Supplemental Information S7). In the
case of functional responses with predator dependence
or the inclusion of multiple prey in the predator's diet,
the degree of feeding rate saturation should be lower
than that estimated for the Type II functional response
and our results here will be conservative (Supplemental
Information S7). However, one caveat with respect to
the multi-prey case is that, although feeding rate sat-
uration with respect to the focal prey should decrease
with the addition of alternative prey, the saturation of
the predator's total feeding rate across all prey can in-
crease with the addition of alternative prey. Whether
saturation of the predator's total feeding rate increases
with additional prey in the diet will depend on whether
and how the parameters of the functional response
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change with the addition of prey species to the diet. In
general, we know little about how functional response
parameters are likely to change with diet richness and
understanding how total feeding rate saturation in the
predator is likely to change with diet richness will re-
quire studies measuring functional responses and their
saturation under field conditions.

CONCLUSION

The degree to which predator feeding rates are saturated has
important consequences for what factors predominantly
determine predator feeding rates, whether predator feeding
rates are near their maxima or not, and how predator—prey
interaction strengths respond to changes in prey densities.
Our results suggest that it may be the case that predator
feeding rates are often far from saturated over large ranges
of typical prey densities. Furthermore, our results suggest
that the degree of feeding rate saturation is shaped by pred-
ator and prey traits and the environment. We suggest that
future work on feeding rate saturation focus on (I) meas-
uring saturation under field conditions, (2) understanding
the proximate and ultimate causes of feeding rates being
unsaturated over a range of typical prey densities and (3)
determining the ecological and evolutionary consequences
of unsaturated feeding rates for predator—prey systems.
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